Background: We aimed to investigate whether miRNA-1908 is an oncogene in human glioblastoma and find the possible mechanism of miR-1908. Methods: We investigated the growth potentials of miRNA-1908-overexpressing SW-1783 cells in vitro and in vivo. In order to identify the target molecule of miRNA-1908, a luciferase reporter assay was performed, and the corresponding downstream signaling pathway was examined using immunohistochemistry of human glioblastoma tissues. We also investigated the miRNA-1908 expression in 34 patients according to the postoperative risk of recurrence.
Conclusions: miRNA-1908 functions as an oncogene in glioblastoma by repressing the PTEN pathway. MiR-1908 is a potential new molecular marker for predicting the risk of recurrence and prognosis of glioblastoma.
Background
Glioblastomas, the prognosis of which is highly dependent on the histological grade, are the most common malignancies of the central nervous system in humans. New molecular targets and treatment strategies are urgently needed to combat this disease. MicroRNAs (miRNAs) are small, endogenous noncoding RNAs composed of 18-23 nucleotides (nt) that post-transcriptionally regulate gene expression by targeting the 3'-untranslated regions of mRNAs [1] [2] [3] . Many miRNAs are proto-oncogenes or tumor suppressors [4] [5] [6] , and their functions have been extensively studied in various cancer types, including glioblastoma [7] [8] [9] [10] . Recent studies using genome-wide approaches have revealed that miRNAs, such as miR-7 [11] , miR-128 [12] , and miR-21 [13] , are globally dysregulated in glioblastoma. Of note, there are some microRNAs differently expressed in adult glioblastomas and paediatric glioblastoma [14] . Our aim was to investigate the role and mechanism of microRNAs in glioblastomas that could contribute to the diagnosis and prognostic evaluation of glioblastoma patients. MiR-1908 is a novel microRNA that is highly expressed in human adipocytes [15] . But the potential role of miR-1908 in the carcinogenesis and tumor development of glioblastoma is unknown.
Indeed, mounting evidence has shown that the poor prognosis of patients with glioblastoma and therapeutic failure are associated with a number of abnormally activated signaling pathways, among which phosphoinositide 3-kinase (PI3K)/AKT signaling represents one of the most important regulatory pathways for the malignancy [16, 17] . Notably, aberrant Akt activation is a poor prognostic factor for glioblastoma of all stages and contributes to resistance to first-generation single-agent targeting therapy such as gefitinib, a tyrosine kinase inhibitor clinically used for patients with glioblastoma with EGFR overactivation [18, 19] . Biologically, activated AKT confers glioblastoma cells resistant to chemotherapy and radiation and promotes cancer cell survival, and in contrast, chemically synthetic compounds inhibiting AKT activation induce apoptosis of glioblastoma cells in vitro as well as in vivo [20] . Moreover, AKT signaling contributes to oncogenesis through activating multiple downstream effector molecules. Of note, activated AKT phosphorylates tumor suppressor FOXO3a and impairs the transcription of its target genes related to cell growth arrest such as p21, inactivation of which has also been implicated in the promotion of tumor angiogenesis [21, 22] . In addition, mTOR, another substrate subjected to phosphorylation by AKT, enhances phosphorylation of S6K1 and 4E-BP1 [23] and plays crucial roles in the regulation of ribosomal protein synthesis, for example, production of cyclin D1 and VEGF-A at both transcriptional and translational levels [24, 25] . It has been found that mediated by the above molecular mechanisms, both AKT/FOXO3a and AKT/ mTOR pathways underlie lung cancer development and progression [26, 27] . Thus, inhibitors targeting these pathways might represent potentially applicable therapeutic agents against glioblastoma.
In the current study, we identify that miR-1908 is highly expressed in multiple subtypes of glioblastoma tissues and causes simultaneous downregulation of PTEN, leading to activation of both AKT/FOXO3a and AKT/mTOR pathways, consequently leading to accelerated proliferation and enhanced angiogenesis in glioblastoma. 
Results

Aberrant expression of miR-1908 in human glioblastoma cells was correlated with poor prognosis
We first measured miR-1908 levels in glioblastoma cells (A127, SW1783, U87, U373, LN-229, SW1088, Hs683, HFU251, SNB19, and T98G). As shown in Fig. 1a , miR-1908 was significantly higher in glioblastoma cells (Fig. 1a) than in astrocytes. Moreover,miR-1908 was expressed higher in both glioblastoma (GBMs) and glioblastoma stem cells (GSCs) (Fig. 1b) than that in astrocytes. These results indicated that miR-1908 may be related to the growth and recurrence of glioblastomas. To further confirm that miR-1908 is related with the development of glioblastoma, we measured the miR-1908 expressions in 47 glioblastoma samples ( Table 1 ). As shown in Fig. 1c , miR-1908 was significantly higher in glioblastoma than in normal brain (Fig. 1c) . Of note, miR-1908 was highest in stageIII-IV tumors and higher in stageI-II tumors than in normal brain (Fig. 1d) showing us that miR-1908 may be a prognostic factor of glioblastoma.
To further evaluate whether miR-1908 is related with prognosis of glioblastoma patients, we carried out bioinformatics analysis. In survival analysis of glioblastoma patients, we found that patients with higher miR-1908 expression levels had poorer disease free survival (DFS) than those with lower miR-1908 expression levels ( Fig. 1e ) which suggested that miR-1908 significantly affected prognosis of glioblastoma patients. Altogether, these data demonstrate that miR-1908 is upregulated in glioblastoma and that high miR-1908 expression predicts poor patient survival.
The effects of miR-1908 on proliferation of glioblastoma
To better stand the role of miR-1908 in glioblastoma, we used retroviral vectors to establish glioblastoma cell lines stably overexpressing or silencing miR-1908. The expression levels of miR-1908 in the subsequent cell lines were examined by qRT-PCR (Additional file 1: Figure S1 A-E). Firstly we used 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and colony formation assays to investigate a growth-promoting effect of miR-1908 on glioblastoma cells. MTT assay revealed that overexpression of miR-1908 promoted proliferation of glioblastoma cells (Fig. 2a) . In colony formation assay, overexpression of miR-1908 significantly increased the viability of indicated cells which formed more and bigger clones (Fig. 2c) . In contrast, silencing miR-1908 in glioblastomas dramatically suppressed the proliferation ( In order to confirm whether the growth-promoting effect of miR-1908 observed in cultured cells is relevant to glioblastoma growth in vivo, U87-miR-1908 cell and control cell were subcutaneously inoculated into BALB/ C athymic mice, respectively. As show in Fig. 3a and b, overexpression of miR-1908 significantly accelerated tumor growth and induced an increase in tumor weight ( Fig. 3c ) and volume (Fig. 3d) . As Ki-67 indicates the proliferative ability of tumor, we examined Ki-67 in xenograft tumor sections. As shown in Fig. 3e , higher Ki-67 levels were found in sections with overexpressing miR-1908 by ICH. Taken all together, we concluded that UBE2T promote the proliferation of prostate cancer cells in vivo and in vitro.
MiR-1908 promotes invasion and sphere formation in glioblastoma cells
To further understand the function of miR-1908 in glioblastoma, we next assessed the effect of miR-1908 on glioblastoma cell migration and invasion. In scratch assay, overexpression of miR-1908 significantly accelerated wound healing of glioblastoma cells ( Fig. 4a and Additional file 2: Figure S2A ) while silencing miR-1908 decreased the rate of migration (Fig. 4b) . Moreover, matrigel assay was used to evaluate the invasive ability of glioblastoma, in results, ectopic expression of miR-1908 significantly enhanced the invaded rate of glioblastoma cells ( Fig. 4c and Additional file 2: Figure S2B )) meanwhile silencing miR-1908 decreased the number of invaded cells (Fig. 4d) .
We have confirmed that miR-1908 was expressed higher in GSCs (Fig. 1b) . To further confirm the role of miR-1908 in GSCs, sphere formation was used to reveal the function of miR-1908 in GSCs. As shown in Fig. 5a , overexpression of miR-1908 promoted the formation of spheres of glioblastoma cells (Fig. 5a ) meanwhile silencing miR-1908 decreased the number of spheres (Fig. 5b) . Fig. 6f and g and Additional file 3: Figure S3 , the luciferase activity was significantly decreased in glioblastoma cells co-transfected with 3'-UTRPTENwt FLuci vector and miR-1908 mimic compared with those co-transfected with 3'-UTR-PTENmut FLuci vector and miR-1908 mimic, suggesting that the fragment at the 3'-UTR of the PTEN mRNA was the complementary site for the miR-1908 seed region (Fig. 6f , Additional file 3: Figure S3A and B), meanwhile silencing miR-1908 increased the luciferase activity of PTEN (Fig. 6g , Additional file 3: Figure S3C ). These results revealed that miR-1908 directly mediates the degradation of PTEN mRNA. (Fig. 7a) , whereas silencing miR-1908 in SW1088 cells robustly suppressed phosphorylation of AKT, P13K, S6K, and 4E-BP1 (Fig. 7b) , indicating that miR-1908 indeed activated the AKT/FOXO3a and AKT/mTOR pathways. To confirm the activation of AKT/FOXO3a and AKT/mTOR pathways, we next examined the levels of P21 and Cyclin D1 which were the targets of AKT pathway. As shown in results, decreased P21 and increased Cyclin D1 proteins (Fig. 7c) and (Fig. 7d) could be caused by miR-1908 overexpression, whereas opposite effects on the regulation of P21 and Cyclin D1 were found at both the mRNA and protein levels when miR-1908 was knocked down (Fig. 7e and f ) . Moreover, increased phosphorylation of P13K, S6K, and 4E-BP1 were found in tumors overexpressing miR-1908. To further confirm the activation of AKT/FOXO3a and AKT/mTOR pathways, we used different inhibitors to inhibit the pathways. As shown in results, P13K inhibitor LY294002 significantly decreased phosphorylation of P13K and Akt (Fig. 8a) ; Akt inhibitor decreased phosphorylation of Akt but not P13K (Fig. 8b) ; mTOR inhibitor rapamycin decreased phosphorylation of S6K and 4E-BP1 (Fig. 8c) . And all these three inhibitors suppressed the proliferation of miR-1908 overexpressing U87 cells (Fig. 8d) . These results suggested that miR-1908 promoted the proliferative and angiogenic phenotype of glioblastoma cells by simultaneously activating both AKT/FOXO3a and AKT/mTOR pathways.
Repression of PTEN in glioblastoma cells was essential for miR-1908-induced proliferation
On the basis of the indispensable role of PTEN in the biologic functions of miR-1908, we overexpressed PTEN in U87-miR-1908 cell (Fig. 9a ) and silenced PTEN in SW1088-anti-miR1908 cell (Fig. 9b) . As shown in Fig. 9c and d, PTEN overexpression significantly inhibited phosphorylation of Akt, P13K, S6K, and 4E-BP1 in U87-miR-1908 cells (Fig. 9c) , meanwhile silencing PTEN increased phosphorylation of P13K, S6K, and 4E-BP1 in SW1088-anti-miR1908 cell (Fig. 9d) . In functional tests, PTEN overexpression in U87-miR-1908 cell significantly decreased the proliferation in MTT assay (Fig. 9e ) and colony formation assay (Additional file 4: Figure S4A ) meanwhile silencing PTEN promoted the proliferation of SW1088-antimiR1908 cells (Fig. 9f , Additional file 4: Figure S4B ). Moreover PTEN overexpression significantly inhibited wound healing (Additional file 4: Figure S4C ) and invasion ability (Fig. 9g ) of U87-miR-1908 cells, meanwhile silencing PTEN promoted wound healing (Additional file 4: Figure S4D ) and invasion ability (Fig. 9h ) of SW1088-anti-miR1908 cells. These data suggested that PTEN wan essential for miR-1908-induced proliferation, migration and invasion.
Discussion
Recently, miRNAs have been shown to be important in maintenance of normal cellular function, and the dysregulation of miRNAs expression can result in cancer initiation and tumor progression [28] [29] [30] . MiR-1908 is a new member of the microRNA family. In this study, we investigated the expression, function, and mechanism of miR-1908 in glioblastoma. We found that miR-1908 is a risk factor in glioblastoma where it acts as an oncogene by regulating PTEN expression. In glioblastoma cells, Each miRNA has the potential to target hundreds of genes that harbor target sequence in their 3'-UTR complementary to the seed region of the miRNA [1] . PTEN is one of the most frequently mutated tumor suppressors in human cancer including brain tumors [31, 32] . PTEN loss was considered to be one of three oncogenic factors in glioblastomas [33] . PTEN also suppresses migration; genetic deletion of the Pten tumor suppressor gene promotes cell motility [34] , and PTEN reconstitution or overexpression inhibits cell motility in a variety of cell types [35] . Mechanistically, PTEN reduces cell motility through a variety of pathways, and P13K/AKT is one important target of PTEN [36] . In this study, overexpression of miR-1908 significantly decreased PTEN in glioblastoma cells to inhibit phosphorylated P13K and AKT, resulting in increase in proliferation, migration and invasion [37] [38] [39] . PTEN overexpression could restrain the increase in proliferation, migration and invasion in miR-1908-overexpresison glioblastoma cells.
Clinical studies have revealed that PTEN mutation in glioblastoma has no correlation with survival [40] . Nevertheless, in anaplastic oligodendroglioblastomas and astrocytomas there was a positive correlation between PTEN alterations and poor prognosis [40, 41] . Furthermore, elevated AKT activity has been associated with poor prognosis [42] . Paediatric patients harbouring PTEN mutation in tumours have poorer prognosis [43] . Thorarinsdottir et al. reported that deficient PTEN expression was associated with worse overall survival in childhood high grade glioblastomas [44] . Our findings could provide new guidance for glioblastoma treatment and improve prognoses in the future. RNA extraction, reverse transcription, and real-time RT-PCR Total RNA was extracted from freshly-frozen samples or cells with TRIzol reagent (Invitrogen). Total RNA was reverse-transcribed with First Strand cDNA Synthesis Kit (Invitrogen). Real time PCR reactions were conducted using Platinum SYBR Green qPCR SuperMix-UDG reagents (Invitrogen) on the PRISM 7900HT system (Applied Biosystems). All reactions were done in triplicate and reactions without reverse transcriptase were used as negative controls. The U6 or GAPDH were used as the endogenous controls and the 2-ΔΔCT equation was used to calculate the relative expression levels.
Oligonucleotide transfection and generation of stably transfected cell lines
Cells were seeded into 6-well plates, transfected with miR-1908 mimics or miR controls (50 nM, GenePharma) using Lipofactamine™ RNAiMAX (Invitrogen) and transfected with siMIF (100 nM, Invitrogen) or siRNA controls using were cotransfected into glioblastoma cells using EndoFectin Lenti transfection reagent (GeneCopoeia). After transfection for 48 h, lentiviral particles were harvested and then transduced into the glioblastoma cells, and the stably transfected cells were selected using puromycin and validated by real time Western blot.
MTT assay and colony formation assay
Glioblastoma cells were seeded at 1500 cells per well in 96-well plates after transfection. MTT assay was performed to test cell viability at 1, 2, 3, and 4 days, and the absorbance was measured at 490 nm with a spectrophotometric plate reader. For colony formation assay, cells were plated at 500 cells per well in six-well plates after transfection, and cultured for 14 days. Colonies were fixed with methanol, stained with 0.5 % crystal violet, and counted under the inverted microscope.
Western blot analysis
Western blot analysis was conducted using anti-phospho-AKT (ser473), anti-AKT, anti-FOXO3a, anti-phospho-S6K1 (Thr389), anti-S6K1 and anti-4E-BP1(Epitomics), anti-phospho-FOXO3a (ser253), and phospho-4E-BP1 (Ser65; Cell Signaling Technology), anti-p21, anticyclinD1 and anti-PTEN (BD PharMingen) antibodies.
Cell migration and invasion assays
The effects of miR-1908 or PTEN expression on cell migration and invasion were assessed using the woundhealing and Transwell assays as previously described [45] .
In vivo tumor growth model
Male BALB/c nude mice aged 4 to 6 weeks were purchased from the Hunan Slac Jingda Laboratory Animal Co., Ltd (Changsha, China). For tumor growth assay, SUNE-1 cells stably overexpression miR-451 or scramble miRNA were resuspended in PBS and 1 × 106 cells (200 μl) were subcutaneously injected in the dorsal flank of nude mice. Tumor size was measured every 3 days and tumor volumes were calculated with the following formula: volume = (L × W2)/2, in which L meant the longest diameter and W meant the shortest diameter. Four weeks later, mice were sacrificed, and tumors were dissected and weighted. Animal handling and research protocols were approved by the Animal Care and Use Ethnic Committee.
Immunohistochemical analysis
After 19 days, mice were anesthetized and sacrificed, and tumors were removed, photographed, weighed, and sectioned (5 mm in thickness), followed by immunostaining. Following deparaffinization, sections were immunohistochemically analyzed using antibodies for miR-1908, Ki67, p-Akt, p-P13K, p-S6K1, and p-4E-BP1, respectively, and subsequently were pathologically confirmed for the tumor phenotype and specific immunostaining. The positive cells were counted and analyzed.
Luciferase reporter assay
The 3'-UTR (untranslated region) sequence of PTEN was predicted to interact with miR-1908 or a mutated sequence within the predicted target sites was synthesized and inserted into the XbaI and FseI sites of the pGL3 control luciferase reporter vector (Promega, Madison, WI). The luciferase reporter assay was performed as previously described [46] .
